acetohydroxyacid synthase had a relative molecular mass of 440,000. The purified enzyme was highly ustable. Acetohydroxyacid synwthase activities in crude extracts of excised maize leaves and suspension cultured cells were reduced 85 and 58%, respectively, by incubation of the tissue with 100 micromolar (excised leaves) and 5 micromolar (suspensi cultures) of the im linone imazapyr prior to enzyme extraction, suggesting that the inhibitor binds tighdy to the enzyme ix vivo. Binding of imazapyr to maize acetohydroxyacid synthase could also be demonstrated in vitro. Evidence is presented which suggests that the interaction between imazapyr and the enzyme is reversible. Imazapyr also exhibited slow-binding properties when incubated with maize cell acetohydroxyacid synthase in extended time course experiments. Initial and final K1 values for the inhibition were 15 and 0.9 micromolar, respectively. The resuls suggest that imazapyr is a slow, tight-binding inhibitor of acetohydroxyacid synthase.
The imidazolinones are a new chemical class of herbicides discovered and under development at American Cyanamid
Company. The mode of action of the imidazolinones appears to be via the inhibition of branched chain amino acid synthesis, since (a) the levels ofleucine, valine, and isoleucine are drastically reduced as a result ofimidazolinone treatment and (b) exogenous application of these three amino acids prevents the phytotoxic effects ofimidazolinone treatment (22) . The imilinones have also been shown to be potent inhibitors of acetohydroxyacid synthase (also known as acetolactate synthase, EC 4.1.3.18), the first enzyme in the biosynthetic pathway to valine, leucine, and isoleucine (23) . Presumably this enzyme is the primary (if not the sole) site ofaction ofthe imidazolinone herbicides. A prelim-'Present address: USDA-ARS, Norther Regional Reseach Center, 1815 N. University St, Peoria, IL 61604. inary investigation of the inhibition of maize AHAS2 by imazapyr, the active ingredient of the herbicide Arsenal*, suggested that these compounds were uncompetitive inhibitors of the enzyme (23) . In this paper, we report on the in vivo binding of imazapyr to AHAS and present evidence which suggests that the biochemical basis for this in vivo effect is due to the tight binding nature of the inhibitor. In addition, conditions for tissue harvesting have been optimized for recovery of AHAS from maize suspension cells and the enzyme has been solubilized from the apparent heterogenous, high mol wt complexes in which it resides in vitro. The results ofexperiments to stabilize the maize enzyme in crude extracts and during purification are also presented and discussed. A preliminary account ofthis work has appeared (16 (Table I) lyophilized and stored at room temperature under vacuum with desiccant. AHAS was extracted from the cell powder using the method described previously for maize roots and shoots (23) . After Purification of Maize Cell AHAS. All procedures were performed at 0 to 4C. The zero to 50% (NH4)SO4 fraction was collected as described above and in the legend of Table IV. The enzyme was desalted on a Sephadex G-25 PD-10 minicolumn equilibrated with 50 mM Bis-Tris (pH 6.5), containing 1 mm EDTA, 20% glycerin, 5 mM pyruvate, and 15 mm CHAPS and loaded onto a column of DEAE Sephacel (4.4 x 14 cm) equilibrated with the same buffer. After washing with 100 ml of starting buffer, AHAS was eluted using a 500 ml linear 0 to 0.5 M KCI gradient (in starting buffer) at a flow rate of 0.4 ml/min. Four ml fractions were collected. Fractions containing AHAS were pooled and ammonium sulfate was added as a saturated solution to 55% of saturation and the resultant protein precipitate was collected by centrifugation at 20,000g for 20 15 mM CHAPS) and loaded onto a hydroxyapatite column (1.6 x 10 cm). After washing with 50 ml of starting buffer, AHAS was eluted with a 200 ml linear 0.01 to 0.5 M K-phosphate gradient (in starting buffer, all at pH 7.2) at a flow rate of 1 ml/ min. Four ml fractions were collected and assayed for AHAS activity.
Molecular Weight Estimation. The Sephacryl S-300 column used for purification of maize cell AHAS was calibrated in the absence of CHAPS (25) with the following standards: aldolase (158,000), catalase (232,000), ferritin (440,000), and thyroglobulin (669,000).
Enzyme Assays. AHAS was assayed as described previously (23) , with the modification that assay mixtures contained 34 jAM FAD unless otherwise noted. TD was assayed according to the method of Sharma and Mazumder (24) . NADP ME and Cytc OX were assayed as described in Winter et al. (30) . The ability of fractions eluted from gel filtration to synthesize valine from pyruvate was tested using a modification of the "cofactor assay" of Leiter et al. (12) Several different harvest procedures were tested in order to maximize the yield of the enxyme from corn cells. Of the methods tried, extraction of AHAS from lyophilized corn cells resulted in the highest yield ofthe enzyme, both on a specific activity basis and on a per gram fresh weight basis (Table I) . This method was used in all of the subsequent studies and the enzyme was stored at -20°C as protein pellets as described in "Materials and Methods." While AHAS activity was stable to storage as a protein pellet (data not shown), the resolubilized enzyme was quite labile, losing 74% of its activity after 16 h in 50 mM K-phosphate (pH 7.0) containing 1 mM EDTA at 4°C, (Table II, control ). Various treatments were tested for their ability to preserve enzyme activity in resolubilized protein pellets (Table II) . EDTA was essential for maintaining maize AHAS activity, whereas neither substrates plus cofactors nor the feedback inhibitors leucine and valine preserved activity over control levels. The thiol reagent DTT and the protease inhibitor PMSF had no effect. Treatments found to be effective were the addition ofglycerin or FAD and the lowering of the pH of the resolubilizing buffer from 7 to 6.
The ability of FAD to preserve maize AHAS activity suggests that it is a cofactor of the plant enzyme. FAD stimulated enzyme activity by 70% when it was included in the assay mixture and it preserved AHAS activity (1 17% recovery) when it was included in the preincubation media (Table III) . AHAS remaining after preincubating the enzyme in the absence of FAD was stimulated to the same degree by the inclusion of FAD in the assay mixture as were enzyme samples which were assayed immediately after resuspension (Table III) In the presence ofCHAPS, maize AHAS eluted from Sephacryl S-300 either as single peak corresponding to a Mr of 440,000 or as a 440,000 M, peak with a 900,000 Mr shoulder (Fig. 3) . The 900,000 shoulder most likely represents a dimer of the major eluting peak. The presence ofpyruvate or cofactors in the column buffers did not influence the aggregation state of the maize enzyme as has been found for AHAS isozyme I from E. coli (8) . Also, neither mol wt form of the enzyme posessed the ability to synthesize valine from pyruvate (data not shown), indicating that the solubilized maize enzyme was not a part of a multienzyme complex as is the case for one of the detergent-solubilized forms of AHAS from Neurospora crassa (1) .
Purification of Maize AHAS. Attempts to purify maize AHAS by various chromatographic procedures were hampered by the poor recovery ofthe enzyme. The addition ofFAD, which greatly stabilized maize AHAS in crude extract, did not preserve the enzyme during column chromatography. Recovery of the enzyme was greatly enhanced, however, by the inclusion of pyruvate in the chromatographic buffers. In spite of the stabilizing effects of pyruvate, large losses in enzyme activity still occurred during multicolumn purification (Table IV) . The purified enzyme was not stable to storage at -20 or -80°C, either as frozen solution or as a protein pellet.
Effects of Imazapyr on Maize AHAS. We reported previously that the imidazolinones are uncompetitive inhibitors of maize AHAS with respect to pyruvate (23) . Since one of the basic assumptions of kinetic theory is the reversible nature of the enzyme-inhibitor complex, we were surprised to find in subsequent experiments that the levels of extractable AHAS were drastically reduced by preincubating excised leaves in imazapyr prior to enzyme extraction (Fig. 1) . Similar results were obtained using Black Mexican Sweet maize cell suspension cultures, in that treating 6 d old cultures with 5 Mm imazapyr 24 h prior to ,gM imazapyr. Samples were harvested after 4 h. AHAS and TD were extracted in AHAS isolation media as described (23) and concentrated by 0 to 50% (NH4)2SO4 precipitation. The resulting protein pellets were resuspended in 50 mm K-phosphate (pH 7.0), containing 1 mM EDTA and 10% glycerol and desalted on a Sephadex G-25 PD-10 minicolumn equilibrated with the same media. NADP ME and Cyt, Ox were extracted in 50 mM Hepes (pH 7.0), centrifuged to remove cellular debris and used directly as enzyme sources. "+Spike" are control samples which were extracted as described, but with extraction media which contained 100 juM imazapyr. Control activities were 0. 16 ,mol/mg h AHAS, 35.7 nmol/ mg.h TD, 9.7 Amol/mg-min NADP-ME, and 4.6 gmol/mg-min Cyt, Ox. enzyme extraction resulted in a 58% reduction in AHAS activity in subsequent extracts. The specificity of imazapyr action on AHAS is supported by its lack of effect on three other maize leaf enzymes, TD, NADP-ME, and Cyt, OX in vivo (Fig. 1) In one, enzyme was prepared, incubated briefly (I to 2 min) with 100 jm imazapyr, desalted and assayed, all as decibed in Figure   2 . Forty-two percent of the AHAS activity was inhibited in the imazapyr-containing samples while control samples were unchanged. When a parallel imazapyr-owntaining sample was 'reextrCted' (preciPitated with [NH4J2SO4, resuspended and desalted as shown in Fig. 1) , 91% of the original activity was restored. Similarly treated control samples retained all of their initial activity. In a second experiment, maize AHAS (23 mg/ml protein, prepared as described in Fig. 2 ) was incubated under assay conditions with 25 uM imazapyr for 3 h at 4C, resulting in a 91% loss ofenzyme activity. Enzyme activity was completely restored (92% of the original control activity) when parallel imazapyr-containing samples were diluted 100-fold into fresh assay media. Dilution of control samples had no effect on AHAS activity. Recovery of activity upon dilution of the enzymeinhibitor complex is typical for tight-binding inhibitors (29) . The results of the previous experiments sugge that the inhibition of AHAS activity by imazapyr increases with time. When AHAS activity is measured over an extended (4 h) assay period in the presence of various imazapyr concentrations, inhibition was found to increase with time (Fig. 4) . These results suggest that the equilibrium between imazapyr and the enzyme is reached slowly, a feature typical of many tight-binding inhib- Imazapyr concentration and incubation times were as indicated. n = 6.
Control activity was linear through 4 h. (2, 13, 15) or in partially purified form (14) have appeared. There have been no reports, however, of attempts to purify the enzyme from a higher plant source to homogeneity. While the genetics of AHAS from bacterial and fungal sources has been well studied (3, 4, 19) and several microbial AHAS genes have been sequenced (5, 6, 11, 26) , the protein itself has proven difficult to purify due to its labile nature (8) . Recently however Schloss et al. (21) have developed a new purification scheme for Salmonella typhimurium AHAS isozyme II based on their finding that FAD greatly enhances the stability of the isolated bacterial enzyme in the absence of TPP and MgCl2. Our results reported here show that, while FAD stabilizes maize AHAS in resuspended protein pellets (Table II) , pyruvate rather than FAD is required to recover active enzyme from chromatographic procedures. The ability of pyruvate to stabilize maize AHAS during purification procedures was surprising, since it had no effect on the enzyme in resuspended protein pellets (Table II) . Pyruvate similarly stabilizes Neurospora crassa AHAS during gel filtration (27) . Even with pyruvate included in all of the buffers, however, recovery of maize AHAS after several purification steps is low (Table IV) and inclusion of FAD along with pyruvate in the chromatography buffers does not enhance the recovery of the maize enzyme over that afforded by pyruvate alone (data not shown). The recovery of N. crassa AHAS after a several step purification procedure in the presence of both FAD and pyruvate is similarly poor (7) . While pyruvate is partially effective in stabilizing maize and N. crassa (27) AHAS, additional stabilizing factors need to be elucidated in order to render AHAS from eukaryotic sources amenable to purification.
When subjected to gel filtration in the presence of CHAPS, maize AHAS elutes predominantly as a peak corresponding to a Mr of 440,000. Whether this form of the enzyme is monomeric or oligomeric has yet to be determined. However, its failure to synthesize valine from pyruvate suggests that it is not part of a multienzyme complex. This does not rule out the possibility that plant AHAS may exist in such a complex in vivo as does N. crassa AHAS (1). The fungal enzyme, when subjected to gel chromatography, elutes as a series of peaks (1, 27) indicating that it forms heterogeneous aggregates in vitro. The hydrophobic nature of the maize enzyme, based on its detergent requirement for solubilization and its late elution from leucine agarose (not shown) suggests that it too forms aggregates in vitro. The 440,000 maize AHAS most likely, therefore, represents an aggregated form of the enzyme, while the basal unit may be of a size similar (about 60-80,000) to the analogous enzymes of bacteria and yeast (21, 26, 27) .
The ability of FAD to stimulate maize AHAS activity suggests that it is a cofactor of the plant enzyme. While most microbial forms of AHAS exhibit a FAD requirement (7, 8, 10) , FAD has not previously been recognized as a cofactor for plant AHAS. This finding suggests that the mechanism of catalysis (and presumably the active site) of the higher plant enzyme is similar to that of microbial forms of AHAS and dissimilar to the Euglena gracilis enzyme (18) which is dependent on ATP and shows no requirement for TPP, FAD, or Mg.
Effects of Imazapyr on Maize Cell AHAS. We have reported previously that the imidazolinones are potent inhibitors of maize seedling AHAS activity (23) . Our present data is consistent with imazapyr being a slow, tight-binding inhibitor of maize AHAS. The tight-binding nature of the inhibition is suggested by the fact that pretreatment of tissue with imazapyr prior to extraction (or preincubation of the enzyme in vitro prior to desalting and assay) results in a dramatic reduction in AHAS activity. The lack of inhibitory effect on AHAS activity when 100 jAm imazapyr was included in the enzyme extraction buffer ofcontrol leaves ('spike' treatment, Fig. 1 ) superficially appears to contrast with the rapid effects on AHAS activity when resuspended protein pellets were incubated with the herbicide at the same concentration (Fig. 2) . While imazapyr presumably binds to the enzyme when AHAS is isolated in an imazapyr-ontaining extraction media, the strength of the initial enzyme-inhibitor complex is most likely insufficient for imazapyr to remain bound throughout the enzyme extraction procedure. This hypothesis was supported by the reversibility experiment where AHAS activity in resuspended protein pellets incubated in the presence of 100 uM imazapyr was completely restored by re-extraction. In contrast, the binding of imazapyr to the enzyme which has occurred in vivo has approached final equilibrium sufficiently such that at least a portion of the herbicide remains bound to AHAS throughout the enzyme extraction procedure.
The reversible nature of the inhibition was demonstrated by the criteria of Williams and Morrison (29) , namely that the enzyme-inhibitor complex dissociates during gel filtration and that enzyme activity is restored by dilution-reactivation. How (20) results in a specific and potent reduction in enzyme activity in extracts from a variety of species which had been pretreated with this compound (9) . The lack ofeffect by imazapyr on enzymes other than AHAS, either in vivo or in vitro, coupled with the ability of exogenous leucine, valine, and isoleucine to reverse imazapyr's herbicidal effects (22) strongly suggests that AHAS is the primary if not the sole site of action of the imidazolinone herbicides.
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